online | memorias.ioc.fiocruz.br Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 106(7): 808-813, November 2011 ATP diphosphohydrolases (EC 3.6.1.5), also known as apyrases or NTPDases, hydrolyse nucleosides di and triphosphate to the corresponding nucleoside monophosphates upon bivalent metal ion activation. They belong to the ATP diphosphohydrolase family, which shares five apyrase-conserved regions that are involved in the catalytic cycle (Robson et al. 2006 , Sansom et al. 2008 , Vasconcelos et al. 2009 ).
Two Schistosoma mansoni ATP diphosphohydrolase isoforms of approximately 63 kDa, which differ in their catalytic properties, solubilities and sensitivities to nonionic detergents, were partially purified from both adult worm tegument and homogenised egg preparations (Vasconcelos et al. 1993 , Faria-Pinto et al. 2004 ). The cloning of two S. mansoni ATP diphosphohydrolase genes (SmATPDases 1 and 2) from the adult worm was reported and these genes were shown to encode proteins that belong to the ATP diphosphohydrolase family (DeMarco et al. 2003 , Levano-Garcia et al. 2007 .
In silico analysis showed that S. mansoni SmATPDase 1 protein, of predicted molecular weight 61,353 Da, has two transmembrane domains and a high structural similarity to identified mammalian membrane-associated NTPDases (DeMarco et al. 2003) . The amino acid sequence of the SmATPDase 2 protein, of predicted molecular weight 63,785 Da, is more closely related to mammalian NTPDases 5 and 6 (Levano-Garcia et al. 2007) . The functions of these proteins have been associated with protective mechanisms against the host organism under conditions that involve ATP or ADP effects, such as immune responses and platelet activation, and they are possible targets for the treatment of schistosomiasis (Vasconcelos et al. 1993 , Faria-Pinto et al. 2004 , Penido et al. 2007 .
The two native S. mansoni ATP diphosphohydrolase isoforms (SmATPDases 1 and 2 proteins) have cross-immunoreactivity with polyclonal anti-potato apyrase antibodies, suggesting that they share epitopes (Vasconcelos et al. 1996 , Faria-Pinto et al. 2004 ). In addition, total IgG antibody from the serum of S. mansoni-infected mice or schistosomiasis patients recognised potato apyrase. This finding was in accordance with the existence of antigenic domains within these parasite ATP diphosphohy- drolase isoforms, as these epitopes are shared with those from vegetable proteins (Faria-Pinto et al. 2004 , 2010a . Domains of high identity between potato apyrase and the S. mansoni SmATPDase 2 were observed by alignment of their primary amino acid sequences and by hypothetical three-dimensional models, suggesting that these conserved domains may be exposed and available for antibody binding (Faria-Pinto et al. 2008 , Vasconcelos et al. 2009 ).
Identification and characterisation of epitopes within an antigenic protein may help select components for the development of a defined vaccine against schistosomiasis or for diagnostic purposes (Kusel et al. 2007 . In this study, a peptide (SmB2LJ) that belongs to a conserved domain from S. mansoni SmATPDase 2, shared with potato apyrase, was synthesised and its immunostimulatory capability was analysed. In addition, mouse polyclonal anti-SmB2LJ antibodies were used in Western blotting and immunocytochemistry techniques to identify a SmATPDase 2-like protein in a soluble egg antigen (SEA) preparation and S. mansoni eggs.
MATERIALS AND METHODS
Animals -Eight-week-old male Swiss mice were subcutaneously infected with approximately 100 cercariae of S. mansoni obtained from infected Biomphalaria glabrata snails, as described by Smithers and Terry (1965) . After seven weeks, these mice were used to obtain worms, eggs and specimens of liver. These studies were approved by the Ethical Committee of the Federal University of de Juiz de Fora, Juiz de Fora, state of Minas Gerais, Brazil (protocol 017/2009).
Potato apyrase, synthetic peptide, SEA and soluble worm antigen preparation (SWAP) -Potato apyrase was purified from a commercial strain of Solanum tuberosum and used to obtain polyclonal antiserum in a New Zealand White rabbit or BALB/c mice, as earlier described (FariaPinto et al. 2004 , 2010b , Kettlun et al. 2005 . A peptide (SmB2LJ; r175-194; AALSLTKLINIAETSLPVDV) belonging to a conserved domain from soluble S. mansoni SmATPDase 2 (GenBank accession ABI79456.1) was designed based on a strategic comparative study with its potato apyrase counterpart (r97-116; AANSLEPLLDGAE-GVVPQEL; 40% identity and 65% similarity over 20 amino acids) (GenBank accession P80595), which maintained the predicted epitopes available for antibody binding (Faria-Pinto et al. 2008) . The amino acid sequence of SmB2LJ peptide has lower identity (20-30%) and similarity (40-55%) with its S. mansoni SmATPDase 1 (accession AAP94734) counterpart or with amino acid sequence of either S. mansoni GDPase (CAZ35542.1), mouse NTPDase 5 (NP_001021385.1) or mouse NTPDase 6 (NP_742115.2) counterpart. The synthetic peptide was obtained by solid-phase synthesis and purified as previously described (Korkmaz et al. 2008 ). The molecular mass and purity of the synthesised peptide were confirmed by amino acid analysis and by MALDI-TOF using a Microflex-LT mass spectrometer (Bruker-Daltonics, Billerica, MA, USA). SEA and SWAP preparations were obtained as previously described (Colley et al. 1977 ).
Development of polyclonal antiserum against Sm-B2LJ -Polyclonal antiserum against SmB2LJ was obtained from seven-week old BALB/c mice (n = 4) that were inoculated by a peritoneal route with two injections of SmB2LJ (10 µg). The first injection was emulsified in Freund's complete adjuvant and the second injection was in Freund's incomplete adjuvant and delivered in 15-day intervals. Pre-immune sera were obtained before inoculation of the SmB2LJ. In addition, serum samples obtained from BALB/c mice (n = 4) that were inoculated under the same experimental conditions with both complete and incomplete Freund adjuvant in the absence of the peptide were used for specificity controls. The sera were stored at -20ºC.
Dot blots of SmB2LJ and potato apyrase -For dot blot analysis, purified potato apyrase (1 µg) or peptide Sm-B2LJ (5 µg) was spotted onto nitrocellulose membranes, Fig. 1 : SmB2LJ stimulatory property. IgG1 (A) and IgG2a (B) subtypes were quantified in serum samples from BALB/c mouse (n = 4) pre-inoculated with SmB2LJ. Pre-immune serum (C1) or serum from BALB/c mouse pre-inoculated with Freund incomplete and complete adjuvant (C2) (n = 4) was used as control. The serum samples were diluted from 1:100-1:25600 and tested in duplicate. Data are reported as mean ± standard deviation of optical density (OD). p < 0.05 for all serum dilutions. which were blocked in blocking solution [0.15 M phosphate buffer solution (PBS), pH 7.4, 0.3% Tween-20 and 3% casein] and further incubated 5 h at room temperature (RT) with polyclonal mouse anti-SmB2LJ (dil. 1:100) or anti-potato apyrase (dil. 1:1000), and the respective preimmune sera, in the same blocking buffer without Tween-20. Assays were developed by chemiluminescence with the specific secondary antibody coupled to horseradish peroxidase and Luminol as substrate using the ECL Western Blotting System (GE Healthcare, Brazil) and exposed to X-ray film following the manufacture's instructions.
Antibody analyses by enzyme-linked immunosorbent assays (ELISA) -An aliquot of potato apyrase or SmB2LJ
(10 µg/mL in 0.1 M NaHCO3, pH 9.6) was absorbed overnight onto flat-bottomed microtitre plates (Costar 3590, Corning Inc, Corning, NY, USA). Following incubation in blocking solution (0.15 M PBS, pH 7.2, 0.3% Tween-20 and 2.5% casein), the specificity control and/or immune serum samples were diluted (as indicated in Figs 1, 2) in duplicate in blocking buffer without Tween-20 (Sigma, St. Louis, MO) and incubated for 5 h at RT. Antibodies bound to the SmB2LJ-plate were detected using peroxidase-conjugated, isotype-specific, anti-mouse total IgG and o-phenylenediamine dihydrochloride/H2O2 (Sigma Chemical Co, USA) as the substrate. The subsequent colour reaction was read at 492 nm on a microplate reader (Molecular Devices Corp, Menlo Park, CA). The data were analysed using Student's t test and p values < 0.05 were considered significant.
Polyacrylamide gel electrophoresis and Western blotting of SEA and SWAP -Total proteins (100 µg) of SWAP or SEA were dissolved in gel loading buffer and separated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis using a Mini-Protean III Cell system (Bio-Rad). The gel was electroblotted onto nitrocellulose membrane, followed by incubation in blocking buffer (0.15 M PBS, pH 7.4, 0.3% Tween-20 and 3% casein) using standard procedures (Faria-Pinto et al. 2004 ). The membranes were incubated overnight with either pre-immune serum or anti-SmB2LJ immune serum diluted 1:800 in the same blocking buffer without Tween-20. As a positive control, the Western blots were also incubated with anti-potato apyrase rabbit polyclonal serum (diluted 1:1000). Assays were developed by chemiluminescence as described above.
Immunohistochemistry -Specimens of mouse liver were removed eight weeks post-infection and frozen in Tissue-Tek OCT Compound by immersion in liquid nitrogen. Cryostat sections (10 µM thick) were adhered to glass slides previously coated with poly-L-lysine and fixed in acetone for 30 min at -20ºC. After drying, the sections were blocked by incubation in PBS containing 2% skim milk, 2.5% bovine serum albumin and 8% fetal calf serum for 45 min at RT and washed three times in PBS. The sections were then incubated overnight at 4ºC in PBS containing anti-SmB2LJ diluted 1:400. The slides were washed twice for 15 min each with gentle agitation in PBS and incubated for 60 min at 37ºC in PBS containing Alexa Fluor 488 dye conjugated to anti-mouse IgG antibody (Sigma). The slides were washed again as described above before the addition of DABCO. As a control, sections were incubated with secondary antibody alone. To reduce and discriminate the excessive red autofluorescence from the egg-shell, sections were analysed using an inverted confocal laser scanning microscope LSM 510-META Zeiss from the Oswaldo Cruz Institute/Fiocruz, Rio de Janeiro, Brazil.
RESULTS

Stimulatory property of SmB2LJ and cross-immunoreactivity between this peptide and potato apyrase -
Polyclonal antiserum against SmB2LJ was obtained from pre-inoculated BALB/c mice. These immune sera were initially tested using Dot blots and Fig. 3 shows typical positive results. Dot blots of SmB2LJ were positive for mouse polyclonal IgG anti-SmB2LJ antibodies demonstrating that inoculation of mice with SmB2LJ induced SmB2LJ-specific IgG antibody (Fig. 3C) . Levels of IgG subtypes were quantified by ELISA using the diluted serum samples (Fig. 1) (1:100-1:25600). This peptide induced production of elevated levels of the IgG1 and IgG2a subtypes, which were both found to be significantly higher than the controls in all serum dilutions tested (p < 0.05 for all IgG subtype vs. control comparisons) (Fig. 1) . Fig. 2 : cross-immunoreactivity between SmB2LJ and mouse polyclonal IgG anti-potato apyrase. The reactivity of total IgG from BALB/c mice (n = 4) pre-inoculated with potato apyrase was tested in enzyme linked immunosorbent assay using SmB2LJ as coating antigen. Pre-immune serum (C) (n = 4) obtained before inoculation of potato apyrase was used as control. The serum samples were diluted from 1:100-1:800 and tested in duplicate. Data are reported as mean ± standard deviation of optical density (OD) (492 nm). p < 0.001 for all serum dilutions. developed with serum immune from BALB/c mice pre-inoculated with potato apyrase (A, D) (diluted 1:1000) or BALB/c mice preinoculated with SmB2LJ (B, C) (diluted 1:100). The dot blots were incubated for 2 h at 4ºC and the signals were revealed by chemiluminescence using peroxidase-conjugated anti-mouse IgG and Luminol as substrate and exposed to X-ray film. Dot blots of SmB2LJ were positive for mouse polyclonal IgG anti-potato apyrase (Fig. 3D) . The immunological capacity of cross-reactivity between mouse polyclonal IgG anti-potato apyrase and SmB2LJ was quantified using ELISA, employing the peptide as the coating antigen (Fig. 2) . Significantly (p < 0.001) higher IgG antibody reactivity was observed in all serum dilutions (Fig. 2 ) (dil. 1:100-1:800). In addition, Dot blots of potato apyrase were also positive for mouse polyclonal anti-SmB2LJ antibodies (Fig. 3B) , confirming that the epitopes within r175-194 from the S. mansoni SmATPDase 2 are shared with those within r97-116 from the potato apyrase.
Reactivity of mouse polyclonal IgG anti-SmB2LJ an-
tibodies against SWAP and SEA -Using Western blot analysis of both SWAP and SEA preparations (100 µg of total protein) (Fig. 4, panel B) , mouse polyclonal antiSmB2LJ antibodies recognised bands of approximately 63 and 55 kDa, with the lower band possibly representing proteolysis of the 63 kDa band. Rabbit polyclonal anti-potato apyrase antibodies, used as a positive control in this experiment, recognised only the band of approximately 63 kDa in both SEA and SWAP preparations (Fig. 4, panel A) . Pre-immune serum diluted 1:800 did not react with SEA or SWAP (data not shown).
Immunolocalisation of the soluble ATP diphosphohydrolase -In order to localise specifically soluble ATP diphosphohydrolase (SmATPDase 2 protein) from the S. mansoni egg, cryostat-labelled sections of infected mouse liver were observed by indirect immunofluorescence using confocal laser scanning microscopy after incubation with anti-SmB2LJ (dil. 1:400) followed by antimouse IgG conjugated to Alexa Fluor 488 dye. As shown in Fig. 5 , immunoreactive granular material (green) was visible immediately outside of the egg-shell (B, D, arrows 1) and spreading away from the egg-shell, forming deposits in the central periovular area of granulomatous reaction and confirming that the soluble isoform is secreted. This protein was also detected on the external surface of the miracidium (B, D, arrow 2; C, arrow 1) and in von Lichtenberg's envelope, the region between the miracidium and the egg-shell (C, arrows 2). No labelling was observed when samples were incubated with secondary antibody alone (Fig. 5A ) and no reactivity was observed in the surrounding granulomatous tissues. Negative reactivity was also observed in hepatic parenchyma, blood vessels and bile ducts (data not shown). Fig. 4 : identification of the ATP diphosphohydrolase soluble isoform in soluble adult worm (SWAP) and egg (SEA) antigens preparations using anti-SmB2LJ antibody. Total proteins (100 µg) of SWAP (A, B) or SEA (A, B) were electrophoresed in 10% sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis electroblotted onto nitrocellulose membrane and the Western blots were developed with BALB/c mouse polyclonal anti-SmB2LJ (B) (dil. 1:800). Rabbit polyclonal serum against potato apyrase (A) (dil. 1:1000) was used as positive control. The membranes were revealed by chemiluminescence. Fig. 5 : immunohistochemical localisation of ATP diphosphohydrolase from Schistosoma mansoni egg. Fluorescence confocal microscopy image are shown. BALB/c mouse polyclonal anti-SmB2LJ antibodies (serum diluted 1:400) and secondary antibody coupled to Alexa Fluor 488 were used for fluorescence detection (green) of ATP diphosphohydrolase on cryostat sections (10 µM) of infected mouse liver. A: sections were probed with secondary antibody alone; B: general aspect of S. mansoni egg showing fluorescence distributed outside from the eggshell (arrow 1) and on the external surface of the miracidium (arrow 2); C: fluorescence distributed on the external surface of the miracidium (arrow 1) and in von Lichtenberg's envelope located in the region between the miracidium and the inner side of the egg-shell (arrows 2); D: granular material entrapped by the surface microspines located outside the egg-shell and immediately outside and spreading away from the egg-shell (arrows 1) and on the surface of the miracidium (arrows 2).
DISCUSSION
In previous work, we characterised an active and soluble ATP diphosphohydrolase isoform of approximately 63 kDa in S. mansoni egg, which is antigenic and cross-immunoreactive with potato apyrase (FariaPinto et al. 2004 (FariaPinto et al. , 2006 (FariaPinto et al. , 2010a . By in silico analysis, a closer structural relationship was described between this vegetable protein and SmATPDase 2, a soluble ATP diphosphohydrolase isoform described in the S. mansoni adult worm. Specific conserved domains were suggested to be potentially involved in the immune response (Faria-Pinto et al. 2008) . In an attempt to detect the immune potential of a specific protein domain in studies of schistosomiasis, the synthetic peptide SmB2LJ was obtained. Dot blots of either potato apyrase or SmB2LJ were positive for immune sera against both potato apyrase and SmB2LJ, confirming that the epitopes within r175-194 from the S. mansoni SmATPDase 2 are shared with those within r97-116 from the potato apyrase.
These results also suggest that the conserved domain from the S. mansoni SmATPDase 2 is also antigenic and rich in B cell epitopes. SmB2LJ is a peptide of only 20 amino acids belonging to the parasite SmATPDase of 564 amino acids. As demonstrated using Dot blots and ELISA techniques, inoculation of the SmB2LJ peptide in healthy mice has remarkable stimulatory activity, increasing significantly the amount of total IgG, IgG1 and IgG2a subtypes, which further support the antigenicity of the domain r175-194 from the soluble S. mansoni SmATPDase 2 during schistosomiasis progression. This hypothesis was confirmed by the significant reactivity between SmB2LJ and serum samples from patients with schistosomiasis (unpublished observations).
The SmATPDase 2 protein from the S. mansoni adult worm has a predicted molecular weight 63,785 Da and one amino-terminal transmembrane region possibly subject to proteolytic posttranslational processing, resulting in a secreted protein of 55 kDa. It was identified by confocal immunofluorescence microscopy in the syncytium and on both apical and basal membranes of the worm tegument (Levano-Garcia et al. 2007 ). The anti-SmB2LJ antibody recognised in SWAP two bands of approximately 63 kDa and 55 kDa, molecular masses similar to those predicted for SmATPDase 2 from the adult worm (Levano-Garcia et al. 2007 ). Furthermore, the mouse polyclonal anti-SmB2LJ antibodies recognised the same bands in SEA, strongly suggesting the expression of this same isoform in S. mansoni eggs.
Definitive proof was obtained from immunolabelled cryostat sections of infected mouse liver by the antiSmB2LJ antibody, which revealed positive reactions on the external surface from the miracidium. The soluble ATP diphosphohydrolase was detected on miracidium at stages 5-7 of embryonic development of the S. mansoni egg, which is when tissue and organ differentiation occurs, and the embryo occupies the internal volume of the egg-shell almost entirely (Jurberg et al. 2009 ). Intense fluorescence was also detected in the region between the miracidium and the inner side of the egg-shell, located in von Lichtenberg's envelope, which is a region of production of immunogenic components. In addition, fluorescence was detected in the outer side of the egg-shell and entrapped by the surface microspines, confirming that this protein, like in the adult worm (Levano-Garcia et al. 2007) , is also secreted from the S. mansoni eggs. Further immunohistochemical studies using anti-SmB2LJ antibodies should be performed to evaluate the specific role of the soluble ATP diphosphohydrolase in the embryonic development of the S. mansoni egg.
A band of 55 kDa, possibly resultant of an in vivo proteolysis and that was in lower amounts than that of 63 kDain these antigenic preparations, was also recognised by the immune serum anti-SmB2LJ, but not by immune serum against potato apyrase. In previous work, we showed that rabbit polyclonal anti-potato apyrase antibodies did not recognise mammalian NTPDases (FariaPinto et al. 2006 ) and, in this study, similar results were observed. No reactivity was observed in the surrounding granulomatous tissues, which are rich in inflammatory cells such as macrophages, eosinophils, neutrophils, lymphocytes, mast cells and fibroblastic-like cells (Lenzi et al. 1998) . In addition, the domain from the either mouse NTPDase 5 or NTPDase 6, two intracellular members of the ATP diphosphohydrolase family (Robson et al. 2006) , has lower identity and similarity with its S. mansoni SmATPDase 2 counterpart. Although we cannot disregard the possibility of cross-immunoreactivity between anti-SmB2LJ and mammalian NTPDases 5 and 6 that are possibly not accessible under our experimental conditions, our results suggest that autoantibodies against mammalian NTPDases are not induced during SmB2LJ experimental immunisation. All together, these data show specificity, sensitivity and affinity of the mouse polyclonal anti-SmB2LJ antibody for the epitopes within r175-194 from the S. mansoni SmATPDase 2 and reinforce the importance of our immunological results.
Our results suggested epitopes within this peptide are capable of inducing a Th1-or Th2-type immune response. IgG2a, a Th1 cytokine-derived isotype, has been described as being protec tive against schistosomula and adult worms, possibly through antibody-dependent cell cytotoxic mechanisms, whereas IgG1, a Th2 cytokinederived isotype, has been associated with the immunomodulation of the granulomatous inflammation in schistosomiasis (Mountford et al. 1994 , Coelho et al. 1996 , James et al. 1998 , Zouain et al. 2000 , Carvalho-Queiroz et al. 2004 , Kusel et al. 2007 . The epitopes within soluble ATP diphosphohydrolase from the S. mansoni egg described here, as well as within SmATPDase 2 from the cercariae, schistosomula and adult worm (Levano-Garcia et al. 2007) , could be related to the success of the parasitism through disease immunomodulation during the course of the parasitic infection. Different levels of IgG isotypes against potato apyrase have been demonstrated before and after chemotherapy in experimental schistosomiasis and patients (Faria-Pinto et al. 2010a, b) . Identifying epitopes within an antigen is important for the possibility of constructing vaccines with relevant peptides able to induce protective responses, as well as immunotherapy formulations with epitope modulators of the inflammatory response , Cardoso et al. 2010 ). Therefore, the peptide Sm-B2LJ could be useful as a compound to improve diagnostic method, immunotherapy or vaccine formulations, and experiments testing these hypotheses are currently being carried out in our laboratory.
